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Abstract u00  free-stream velocity

A multi block zonal algorithm which solves the thin- XYZ Cartesian coordinates

layer Navier-Stokes and the Euler equations is used to nu- a - angle of attack, degrees
merically simulate the formation and roll-up of the tip vor- rv : dimensionless strength of tip vortex

" tex in both subsonic and transonic flows. Four test cases
which used small and large aspect ratio wings have been C, n, , r = generalized curvilinear coordinates

considered to examine the influence of the tip-cap shape,
the tip-planform and the free-stream Mach number. It ap- Introduction
pears that both the tip-planform and the tip-cap shape have
some influence on the formation of the tip vortex, but its The phenomenon of formation and subsequent roll-up of
subsequent roll-up seems to be more influenced by the tip- tip vortices behind finite aspect-ratio wings has long at-
planform shape. In general, a good definition of the forma- tracted a great amount of attention because of their po-
tion and the roll-up of the tip vortex has been observed for tential hazard to aircraft that encounter them in flight. To
all the cases considered here. Comparisons of the numerical date there are many theoretical, numerical, and experimen-
results with the limited, available experimental data show tal studies in the literature which are devoted entirely to
good agreement with both the surface pressures and the the understanding of such flows encompassing large air-
tip-vortex strength. craft wakes (see for example Refs. 1-2). In spite of this,

the present understanding of such flows remains essentially
Nomenclature qualitative. In all these studies, the detailed knowledge of

the mechanics of the formation and subsequent roll-up of

B = semi span of the wing tip vortices have been precluded. In addition to the fixed-
wing aircraft, the operating characteristics of helicopters

C = root chord of the wing are strongly influenced by the vortex wakes of the rotat-
CD = drag coefficient ing blades. The dominant feature of such wakes is the

helical vortices which have their origin at the tips of the
CL = lift coefficient rotor blades. The interaction of these blades with the vor-

tex wake changes their aerodynamic loads and thus affects
CM : quarter-chord, pitching-moment coefficent their operating performance, vibration, and acoustic char-
Cp - pressure coefficient acteristics. Although a detailed knowledge of the formation
Sfx v r and the initial roll-up of such concentrated vortices is not

E, F, G : flux vectors used for typical current wake analyses, such a knowledge is
M. free-stream Mach number essential to modify the structure of these vortices and to

Q flow-field vector minimize their influence. Thus, it is important to study in
detail the flow field in the vicinity of the tip of a finite wing

- velocity vector and of a helicopter rotor blade. In addition, the recent in-

Re Reynolds number terest in the generation of high lift coefficients for V/'STOL
operations has spurred further increased interest in under- -- viscous flux vector standing the physics of the formation of tip vortices and
their subsequent downstream trajectories.

Senior Research Scientist, Member AIAA
* Senior Staff Scientist, Associate Fellow AIAA The typical flow field in the tip region of a finite aspect

Research Scientist. Member AIAA ratio wing is strongly three-dimensional and often is sepa-
rated. Vortex filaments shed in this region, from the viscous

This paper is declared a work of the U.S. Government and layer near the surface, interact with each other to form a
therefore is in the public domain.
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discrete tip vortex whose strength and size are dictated by Governing Equations and Numerical Scheme

the aerod~namic and geometrical constraints of the wing
and of the wing tip-geomietry respectively. In most predic-
tiotn schettte'. the true phy~sical situation is related to an
analytical model through the .concept of bound vorticity. Tegvrigprildfeeta qain r h hn
In reality, % thle bound vorticitv% is that which is continually regvrigprildf'rita qain r h hn
ginerated a, at result of the viscous nature of the bound- laver Nay icr-Stokes and thle Euler equations (Refs. 7.10).
ar% la~ .r ncar the '.'. jg surface and '.'.hich appears to be The equations are generally nondlimensionalized by free-

altchtdTothe %in- tipl in th Ewtulerian reference' frame strean quantities and are transformed to the arliitrars
curvilinear space (,c. ,. c. 7 ) while retaining strong, conser-
vationt law form to captutre shock waves. The t ran-fornied 1

IThe refore it a q a - s thill Oformnat ion of t in vortex equi~t ions writtenj it) gineralizcd curvilirteat coordittat's ;in

origitin rg troni round viges ts ;I icotis phenomnenon. givecn In. (ReV 7.101)
* Ilo ivit. ti!- retovit %%'ork, of ffu/tt t al. (f'e:. ' a't't

* ~ o i 'lr.hel' ree et al (Ref. 5
t iv used Eler e'qua io-i.

to wnrericall iittil,itt the vortex forrPiation ;in( its sut,-

ci(ptivic r.oll-up. The reamoti for the success of such a pro- 0,Q ,E - o,,F -d7G - 'Re d: 1
c- durt' itat tile artificial v.iscosity'. used in the nriur cric;I
-, hwne to c'(ivtrol the tidtirietcr :tabilit%. has piityid ti-

r, e f t- it; o ral vi o.-it\. More i ecently. in a pioneering. h
* hl jlied ,-'ork. \lansour iMetv. 6) used the thin-la t
* \,tvier-.rokes equations (H~e 7 .in conjuncton %'.ith ant

litc grid i_,vncral ion schtemte. to -iniulate the flow !ield rpf p

, ridf itw ti:i- ,rtcx of a lo\N.-aspect-ratio wing. fin spite of P v .
a (les( r dat a nia:iagw''.eut st ratu*v. the centrt I proi es-jug I1~ 1U-

unit It Pt') Ionic for cach st, adv-stite calculation e'.eeedt'd Qp',F j
2- hours or N ASA Allies CRIAN* I-S machine. %iH, onl-y jilt Pull zI
7:,000( grid poiT.ts iii tie cut ire flo,' field, for a five-order- A '( )-~i

ol-ma'~nitud' drotn it, 1fe r-,sidulals. fInt tc pre'en, ,ork p's
ait atet late but more e-fficient meth'. d of mrulti bnoc:. zo iaf pill* ?Ip P uf

* ti ~pproach ( Rcfs. s uso-d to simulate the toss field& F i pmV -j' 1)p.~ J pl'-
of isolated wing ect ioni by solving the Eultr tftir-la\ er 1J- )z. P [ U14 ptrlt
Navirr-Stokt' equations wvith a view to simulating the tip- V(e - p) Ijtp (e - P) -- "
vtirex formation n subsonic and transonic flows.

*At thle Reynolds numbers o;' iiteres for the preset t cal- ;,nd 0 for Euler equations, and ir "i thiin-laser
claittoi. tie flow around ti.c wing ca-i be considered to be Navier-Stokes equations. The viscous fliex vecttr '. n the
rnos' is itrsi-cid except in a smrrall. Io' cruci; I. region near thin-tu *ver approximation, is givrn in Rle's. ;at d 30. i'h

*thle bod., si rtace whent the- viscolis effects are import ant, primitive variables of Eq. (1), viz., p. pua .p pa n d e are
*Accordlrutk. the flow tield is solved using a tnulti flock normalited by the fr-c-stream reie-etce qua-itities. T'he

*zontal ;ippjrotc(h developed at NASA Arnes Research O.it- rel,. iion for the contravariat t velocities *. atd 11'. the
*ter (Refs. t4.!)) wherein the invisc'd outter blocks are solvedi jt;cofiatt of irar~sformtition J.and u., met-ic. are fescrified

u tsing 'he Euler equations and the inner viscous blo( ks are tn lRefs. Tarid 10.
*solsedl using the thin-lia er Navier-Stokes equations. The

results of wing flow topology and of tite tip-vortex are pre- The selocity cortiponents u.tv. u? and the pressure. p. are
setited for foitr different wing shapes. with three of themt related to tite total energy per unit volunme. e, through the
being ill trattsonic flow and one in subsonic flow. The itt- equat iont of state for a perfect gas by1

fluences of th ltip-plaitform and of thet tip-cap effect onl
* the tip-vortex formtat ion are also discussed. In additiont. *,

* ~~the results froin the rttitti block iortal approach are, corn- 2 1 t ' t 3
pared '.'.ith thle resutlts front a one-lftck soltttion of thlin-
Ilaver N av icr-st okes equitat ions. Th ntutltmteric al resuitlts art, The nmitter ic al (cde w hicli solves t hese equal ju1s, cdl I -d
compared w~ith th iniltted available ex.perirttental data. .A 31) 1 Refs. 10). %%.as adlapted b lv olst ct til (Ref. k)

attd Floires (Heft. 91) to deveclop t fhe I'ra nsott t N'. itr-S~touke'

1'NSf 1111t i block Zottal algorithtm. M.ost of tile inpor-
tautl feaUt ire of tftV AR( 31) code are cotitaiA'd ini th ,'\-
co~de \k.ithf one imiportanit difference, viz.. '.' ft't dealirg 'A it I

tit It ip.u blIoc ks. Thle development of thIiis 4-l ink sersiott of

the 'lN-t cile anif titt impjrosertnt'iS to0 11f' ttuiteria al-
gonit hit to handle ITtit1ltiplP zones or blink' art' ilesrified



in detail in the papers of Hoist et al. (Ref. 8) and of is shown. The coarse (inviscid) outer grid. marked as block

F'lores (Ref. 9). In addition to the example solutions for (1). is shown in white. the finer inviscid grid. marked as

isolated wings discussed in these two papers. Kaynak et al. block (2). is shown in red. The two-blocks adjacent to the

(Ref. 11) report further refinements to this code to anal) ze wing and on either side of it. marked as blocks (3) and (4)

large-scale separation on wings. The present version of this are sho%%n in yellow . and are the viscous blocks %which hale

4-block scheme is mainly used for computing isolated wing clustering in the leading-edge and trailing-edge regions as

solutions, with or without wind-tunnel walls. However, a well as in the wing tip region which is used to resolve the

16-block version of this code for simulating the complete tip vortex. The inviscid grids also have clustering as shown.

flow field of a fighter aircraft is currently under develop-
ment. In the present case. each of the four zones typically has

over 40.000 grid points. Although the grid geometry for
There are five important features of the TNS code. (I) each wing discussed here depended on the aspect ratio of

The thin-layer Xavier-Stokes equations and the Euler equa- the individual wing, the spanwise grid spacing at the wing
tions are solved in strong conservation-law form to cap- tip and the spacing in the normal direction to the wing
ture the shock waves. (2) The convergence procedure is surface, which were used to resolve the boundary layer, were
significantly accelerated over the standard ARC3D code kept same for all the wings, viz.. 0.015 of chord and I x

(Ref. 10). "hich solves thin-layer Navier-Stokes equations 10 5 of chord, respectively. The viscous blocks had 25 grid
over the conmplete flow domain, because the present scheme points in the normal direction for all the wings.
solves the Euler equations over a significant part of the flow
domain. (,') There are two numerical options for solving The data managemant strategy is discussed by HoIst et
the equations. One is based on the ADI algorithm which al. (Ref. 9) and also by Kaynak et al. (Ref. 11). In brief.
solves block-tridiagorial matrices along each coordinate di- the base grid. usually generated outside the TNS code, is
rection (Ref. 12). The other is based on the diagonalized "read in" first and this grid is divided into the proper zones
algorithm (Ref. 13) which solves a set of five scalar penta- by the "Zoner" code. Once this is done, the flow solver is
diagonal matrices along each coordinate direction. (4) The initiated. The iteration procedure starts in the outer in-
diagonal algorithm has been implemented with two options viscid zone or block, and proceeds into the inner viscous
of variable time-step philosophies to accelerate the conver- blocks. The information necessary to update the boundary
gence rate of the numerical scheme. viz.. one that scales conditions at the zonal interface is found from the neigh-
the marching time-step with the transformation Jacobian boring zones through a series of one-dimensional linear in-
(Ref. 1.1) and the other that scales the time-step using a terpolations. Such a scheme lends itself to a conservative
combination of the Jacobian and local solution variation treatment of the boundaries and thus captures distortion-

(Ref. 9.10). 15) The code is vectorized for the (RAY*-XNlP free-movement of discontinuities across the boundaries.
machine.

IRoth nurirical schemes ( TNS arid ARC3!) ) use the In the solution procedure, only the information neces-

staiitsrd se oritl-orler-m ccu rate centralI differencingto con- sary to solve each zone resides at any one time in the main

striict the appropriate -patial differiiing schene. The memory of the CRAY-XMP computer. The information of

zones which are not being computed is stored temporarily
cah ulate sted -state 'olutioni. use i lit, -order-accurate on the solid state device (SSD). The use of SSD allows a
srti,t hig %prat,,rv o in the irri fit ard explicuit ides of great deal of flexibility and thus frees the main memory of
the i n grrir algoritr fhr conrlling non lintar -lability the space normally taken by the data stored on the SSD

t and enables the use of maximum number of grid points in
(if 1hueit nuitr al mhern- In tuied, or ( lie ltit re a rg, and the flow field. Also. the use of SSI) reduces the 1 0 waitbulenthi owlri~dr\ la~tvr i- at-,unird for the entire re, nE. and

time significantly (Ref. 9).
flh, lialda, it ad l'.ir,, X algebrai, turbulem, todel (Ref.
it), a hi'h I, tirreit Is asjilfile in flit T\ (ole. is used Boundary Conditions
tttha ldt at the trbuhent is 5 id \ l tt\,ts

riii, the r\s code is a multi zonal algorithm, there are(,I r,, .rfi -r , i Ton d I ), , M w , flit~l tit

to t% pes of houndarie' a here conditions have to be spec-

Ih tI,, -of I the g'id i .flral n -, ,, ,it a i t data ili .\i/. (I lhe phs'.ical boundaries such as inflow, out-

it,ua tII, ,r' +-,I ,,t ri. 1 ,-, i~t,, , ?: , Ir I hi" 'sk, fho . and fti surfae (oilditions: and (2) the zonal bound-
, trIpdt*II, ,'-i- it i .r d., -. ,p- 1, h, t ,a1:, flit.arc arie- ahthre all ri tflo\ quantities have to be made cottin-
h. /g'f rlitt mrkrlg ti r, iifl.mr, I. gn, art I .1- rl|,d 11011, All thet, bitir r\ and interface or zonal conditions

I ti ,,,'- g'-, . ii '. -- : , * r, , los h t - used are applieid rIlh dt '.

I Y i+ I , ;, d+ t l+, - g'+ lhl 'd t'l io ; 1- llell of) %I I tit far-fild ituidarie-. %%hi I are 6-10 chords away

-i, ':, , I -, . gr,,+ : , , If.,I, ; lo,, ,gs i troni the aiig. tree-streatr ahi's are specified for all the

', , . ",, l- of 1I floss qilarlr it it' A tit(le oiittio\% boundaries. zeroth-order
I I I he. ,...,,,t ''''e '"' ' vxtrapolatio-i I- ued fromri the grid interior. At the syni-

.ter\ pltTie, a itrolh-order extrapolation is used for the
, , r , , K- I irt- '.It,,,. tfit- derislt\ arid a fir'.-ordtr extrapolatiotn is used for the x-

't rlilo itl a i d t he-t o(ipotieit of velocities a bile setting
'*.. . , , , ,!l ,,I , t - ,, r p - f l it, a ig

..7
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the spanwise velocity component to zero to force symme- cap profile at other strearnwise stations, shown for example
try. A first-order extrapolation is also used for the pressure for X = 75% and for X = 90( in Fig. 4, indicates that its
and the energy is calculated from the equation of state. At shape changes in the leading- and trailing-edge regions to
the surface of the wing. a no-slip condition is used for the that of a sharp corner. This sharp corner at the leading-
three velocit* components and the pressure is calculated by edge apparently may be responsible for producing a larger
solving the normal momentum equation at the surface. In separation than a square-tip wing would produce and thus
the spirit of the thin-layer approximation. the normal mo- nullifying the suction peak associated with the tip vortex.
mentum equation would translate into dp dn 0. where n The calculated pressure field agrees with the experiment at
is the local normal to the surface. Density is determined this 977 spanwise station on the lower surface and on most
by assuming adiabatic wall conditions. Having known the of the upper surface, except for the important suction peak
pressure, p. and density. p. at the wall. the total energy. e, near the trailing-edge region.
is determined from Eq. (3). The details of the interface
boundary conditions at the zone interfaces are described in To examine further the influence of the tip-cap shape
Refs. 8 and 11. on the flow field in the tip region, the rectangular wing

with square tip was modified by adding an ellipsoidal tip-
Results and Discussion cap that produces a smooth, rounded surface along the tip.

This cap has a minor axis equal to half the thickness of
In this section, numerical results for flow fields and tip- the wing. In order to represent this smooth curved tip. the

vortex formation are presented for four different wing sec- surface grid resolution was increased to twice the value in
tions. These results are compared with the available exper- the spanwise direction to that used earlier. The tip of the
imental data. The different flow conditions and the wing wing with this tip-cap is rounded off in all the directions
geometries considered consist of: (1) a rectangular wing to avoid sharp corners. The finite difference grid for this
with an aspect ratio of 2.5 without twist or taper, in a uni- wing consists of a spherically warped grid of 0-0 topoi-

form flow of Al, = 0. 16 and at I1I degrees angle of attack; wn ossso peial apdgi f00tplogy generated by the hyperbolic grid solver of Steger and
(2) a wing with a small aspect ratio of 0.83 with twist and Chaussee (Ref. 18). and is shown in Fig. 4 at the X = 50,
taper in a uniform flow of Al, = 0.9 and at 5 degrees angle streamwise station. 

of attack; and (3) two wings with exotic tip shapes, both

having an aspect ratio of 5.0, in a uniform flow of Moc = To generate the steady-state solution for this wing at the
0.85 and at 5 degrees angle of attack. The planforms and

same flow conditions of Al, = 0.16, a 11 degrees, andthe fine surface grid (at every grid point) for these different Re = 2 million, a single-block, thin-layer Navier-Stokes flow
wing geometries are shown in Fig. 2. The boundary layer solver called PEN3D (Ref. 19) is used. This code is also a
is assumed to be turbulent for the entire wing sections. derivative of the ARC3D code (Ref. 10) but is coded in the

VECTORAL language. The essential details of this code
SRectangular Wing in Subsonic Flow are described in Pan and Pulliam's paper (Ref. 19). All the

features of this code are identical to the TNS code but it
This wing consists of a rectangular wing with a square is limited to applications with only single-block grids. The

tip and is made up of NACA-0015 airfoil sections without present single- block grid has the dimensions of 110 points
twist or taper. Its planform and surface grid are shown in in the periodic direction, 44 in the spanwise direction, and
Fig. 2a. For this wing in a uniform free-stream of M. = 66 in the normal direction.
0.16 and at I1 degrees angle of attack, the steady-state flow
field was calculated using the TNS code. The flow Reynolds Typical results of the steady-state solution for this wing
number, based on the free-stream velocity and the chord of are shown in Figs. 3c-d in the form of surface.pressure dis-
the wing. was 2 million. Typical computational time, for a tributions. The results agree well with the TN calculations
four-order drop in residuals. was of the order of 3 hours on and the experimental data of Spirev and Moorhouse (Refs. %

the CRAY-XMP machine. 16.17) from the wing root to the 90"' spanwise station. Al-
though the lEN31) calculations show a suction peak in the

The stead. -state results for this wing are shown in ' igs. tip region. hecause of the formation of the %ortex. it is not
3-6. Figure 3 shows the computed surface pressure dis- as large as that observed in the experint.t

: tributions at several spanwise stations compared with the
experimental data of Spivev and Moorhouse (BRefs. 16.17). This rounded tip-cap did not produce an\ separation in
The inboard spanwise stations show good agreement with the tip region on the upper surface of he wing. as seen from
the experiments as seen in Figs. 3a-3c. llo\ever. the sit- the surface il picture of ufig a (The 'urfae oil flow pic-

tion peak associated with the tip vortex that \as observed tue s gerae releasig ti, iT ufartil at one
ture is generaied b% releasing fictitiouls flulid particles at one

at the 97( spanwise station near the trailing edge region. grid point abo e lhi urfai e and b\ restrict lg these parti-
as shown in Fig. 3d. has not been well predicted The tes to tat plani i In ra.th t p-cap 'hape discussed
probable reason for this can be explained by examining the earlier jrnuhu c

- 
1drVlJ 1,UPara1101 n 1he I iI) region for this

tip-cap profile of the present wing goetetr. The top half a, shu% i in t urface oil flow picture of Fig 6. The
of Fig. 4 shows the details of the ip-rap at the X 50'f he erittin regiot on this wing is iore pro-
station. This tip-cap. although it resembles a cir, iilar cap nounted t han u' alppartut fromn the pressure contour plot of
at this X-station. it has a very different shape at other (hiier and (oc'igl aRf 20) idicating that the tip-cap
stream wise stations. A detailed examinationi of the tip-

off Fig 14i top \i,. fri thou~ght to mitic theexperimental



square tip. is really different and is neither a near-square The result of such a line-integral at several X-stations
nor a near-rounded tip. The sharp corner at the leading behind the wing over a path big enough to enclose the vor-
edge in the tip seenis to be separating the flow at this point tex gave a range of values from 0.33-0.38. depending on the
as seen from the close-up view% of surface oil picture of Fig. size of the integration path around the vortex. The larger

sa. value corresponds to the case of line-integral path exending
all the way to the wing root in the Y-direction and extend-

The close-up views of the lift-off of the tip vortex for these ing to the limits in Z-direction. This path will include the
two rips are, shon in Figs. 5b arid 71). The tip vortex for c ontribution from the vortex sheet in the wake also. The

the rounded tip wing of Fig. 5a is lifting off from the tip- tip vortex strength from these two methods is estimated to

face well before the trailing edge. For the non-rounded tip be 0.35.

of Fig. 7b. the tip vortex is lifting Off from the upper surface W n i
of the wing at about the trailing edge position. Both the ng C in Transonic Flon
tip shapes of Figs. 5b and 7b show the three-dimensional WING C belongs to the class of advanced technology
trajectories of the particles around the tip. The particles wing sections and| has been extensiveJy studied both corm-
released on the lower surface of the wing cross over the tip putatioalN (Refs. 6.1) and in wind-tunnel experiment,
region into the low-pressure region of the upper surface of Ria 21.f2 . 0.pf) and tune g ri e nt

*the wing. These particles mix with the particles released (Refs. 21.22). Its plariform and the surface grid are shown
othe ipper Thsufe ardtes th the paies fit)relsed in Fig. 2b. It is a low-aspect-ratio wing (0.83 based on theon the tipper surface arid together they, define a tip vortex

that is distinct from the rest of the sheet. The tip vortex root chord) which is made of supercritical wing sections.

then rolls up. slightly inboard of the wing tip. as it leaves with a twist angle of 8.17 degrees. a taper ratio of 0.3 and

the wing surface (Fig. 5b). Further downslream of this. the a leading- edge sweep of 45 degrees. Recent]y Kaynak et
pvortex r above the shed . (Ref. 11) have presented extensive computational re-

stilts for this wing for a range of Mach numbers. These
vortex sheet as seen in the far-field view\ of the tip vortex reshon results ere also computed using the TNS code. Whereasshssn n ig 8 .XIo.shw i Fg.8 reth Vrtciy this study concentrated on analysing the flow topoelogy, the ;

contours in the Y-Z planes through the tip vortex at sev- " - -

eral downstream X-lo(at ions. Ii this figure. the magnitude present study specializes in the flow in the vicinity of the

of the vortex contour increases in the order of the change wing tip and in particular concentrates on the lip vortex
in color according to the blue-green-.ellow-red. Judging phenomenon. As noted earlier. Mansour (Ref. 6). in a pi-

from the magnitudes of the contours, the core vorticity is oneering ut limited study, attempted to siiulate the tipvortex formation for this wing in a free-stream Mach nuin-
maxinuim \hen it is just downstream of the trailinig edge ber of 0.82 and at 5 degrees angle of attack.
of the wing. Ilowever, at the (lossnst reart grid boundary.i

which is 6 chords away from the wing. the vorticity levels
have reduced by an order-of-magnittide caused by a very The flow conditions for the present computations are .A1
coarse grid structure. It is also interesting to see that the 0.9. o 5. and Re 6.8 million based on the mean

vortex structure in the far-field is stretched in accordance aerodYTamic chord. As before. the baseline coarse grid was

with the local grid shape. Close to the wing. the structure generated by the parabolic grid solver of Edwards (Ref. 15)
is somewhat axisymmetric and as the grid gets coarser in with sufficient grid resolution in the wing tip region so as V

block 1. the vortex shape gets stretched according]%. to resolve the tip vortex. The interior grids are generated
within the TNS code by the Zoner program. The CPU

The lift. drag. arid quarter-chord pitching-tnotneri (oefli- time for a fully converged solution was about 3 hours for
cents calculated from the TNS code for this wing are t0.702. this case which is highly transonic and has a shock-induced
0.07.1-8. and -0.00976 respectively. This compares %ell with flow\ eparation on the upper surface of tie wing.
the measured values of 0.763. 1.0S6X. atid -0.00S13 for the
lift. drag. and pitching-inoment coefficients. respectively. The cailculated surface pressure distributions for several
at o 12 degrees.1 The lift per degree of aigle of at- spanise statiorts are shown in Fig. 9 and are compared
tack . ('L o. for both the experiment arid the TNS cal- withitheo-xperiniential data of Keener (Ref. 21). Theresults
culations is approximately 0.064 degree. The modified tip sho\% good agreentii with the experiments over the parts
with PEN3I) gave a value of 0.07 degree. Frorr this the of t fi "rug thith do riot have massive shock-induced sep-
approximate strength of tip vortex. using the delinition of aration IIoe\ver. the shock wave position and post-shock
lift equiahebit vortex strength, is 0.35. (Note the vortex pressure le\es are not well predicted at the gt(" span sta-
strength quoted here is a dimensionless quartit., nondi- tiort. Similar result' %ere obtained by Ka riak et al. (Re. K
rensionli/i ,l by the free-st reamt yct t\ and by the chord I I). \s ho discuss I lie possible reasons for this. including in-
of the V, ing I .nolher riethod of evaluating the tip vortex adequate grid resolution. artificial dissipation. attd turiu-

Streigth i- h% doing ai line integral of the veloc it ve tor lence mode). The other feaiures of the flbhi are the preserice
O\er it ( I-, path wtuclo-itg the vortex. viz.. of a strong shock \sa\ve int the leading -edge region extend-

ing all the \wa\ into the inboard of the tip region. Here it

V . d.C (. coalesces %it h tle secondari shock. hlii' combined shock
Is produces large boindar%-la. yr ,.eparation. Figures 10a-b

showN this shock at 9t" spatwise station. and Ihe extetIt of

separation is s hoit in Fig. loc. 'his figure is generated
l[a|,ul~at, ab.r tr,,n, es\|rT,,-nt ,f" e? and MIrh-ie (H,4is b\ releasing the flhid particles at one grid point above the

It, 17) pr , ,d I I , \rnis .Aeroftiht ds rianin s t)lr.',t,,raoi,



surface and by not restricting them to any surface. The grid distribution will be very sparse for this wing. Figure
curling of the fluid particles in the separated region indi- 2c shows the planform and the surface grid for this wing.
cates the presence of vortical flow. Figures 1 1-12 show for For this wing in a uniform free-stream of M.,- 0.85, a =

the upper surface of the wing the surface oil flow pattern 5 degrees and Re 8.5 million (based on the root chord),
and the velocity vector plot. (Just as in the surface oil computations were carried out to generate a steady-state
picture. the velocity vector plot is generated by releasing solution.

particles at one gridl point above tle surface). Both these
figures clearly show tile extent of separation. Figure 15 shows the computed surface-pressure distibu-

tions for several spanwise stations along the wing. Exami-
Tip-%ortex formation was visualized by releasing several nation of the pressure distributions indicate the presence of

particles at different locations along the span and various two shock waves, a weak leading-edge shock, and a strong
heights from the wing surface. Figures 11-12 show the close- shock downstream of this. The Mach number contour plots
up and far-field view of the tip vortex. Because of the large of Fig. 16 confirm this. (The Mach number contours were
cross flow caused by the high sweep angle. the boundary drawn at a plane outside the viscous region.) The main
layer in the tip region becomes thicker. This tlick bound- shock extends all the waN to the root of the wing which
ary layer easily separates in the presertce of the shock wave. is a symeniery plane. This shock produces large scale sep-
Part of this separated flow lifts up from the wing surface aration on the witg. The surface oil flow pattern of Fig.
and merges into the flow in the tip region. These fluid 17 shows the separation and reattachnient lines along with
particles get entangled with the particles coming over tile other flow features clearly. The shock becomes weak to-
tip from the high-pressure region of the wing's lower sur- wards the wing tip and the flow gets complicated between
face and in combination these particles separate into the tip the 75'i and 90 ' spanwise stat ions. An oiits ard spiralling r
vortex, and are distinct from the rest of the vortex sheet, vortex enianates from the separated flo%% in this region.
This action is apparent from tile picture of Fig. t3 which
shows the rlose-up view of the formation process of the tip Figures 18-19 shows two views of the tip vortex for this
vortex. The lift-up of the tip vortex from the surface is wing. The initial formation of the vortex and lifting off
apparent in this view. Figure 14 shows the far-field view of front tile wing surface is shown in Fig. IS. It appears that
the sarm vortex . This view shoss how the tip vortex rolls the swept-back tip has similar influence as the sweep effect
inboard in thl downstreami wake. The vorticity contours in (see Wing C results above). viz.. the cross flow and tip-
the Y-Z planes at several X-locations are seen in Fig. 14. loading influence. This cross flow enables the fluid particles
As noted before, tit' Mragnitude of vort iaity decreases in released in tile vicinit. of the tip to first braid and then to
the far-fiel coarse grid. hnt the lirie-irnteral of the veloc- roll-up anidl lift Off froI the surface. Also. the fluid particles.-
it, v vector around a (losed path surrounding thel tip vortex released oil the high-pressure side of the wing (lower sur-
would give the samne value for tli. rerngth( of %ortex as long face) at tie ti,,, cross over to the Io-pressure side (upper
as the integration path was large. For t his x% ing. the cal- side) by wrapping around the wing tip in the classical three-
culated values of the aerodynanic celoficients were (. dimensional tip-relief fashion and braid in to the swirling

36 o. 'I - 0.03-17. amid C., -t0. 1Mi. The It rengihi of t he lip vortex. Figure 19 shows the far-field view of this tip
vortex determined from the line-iniegral method yielded a vortex. The lift off of the tip vortex from the wing sur-

"" ~value between 01.17 alld ().]-7i. depending oill the size of the €
in value at0 aund t) %.eiuii The sile ofathe face and then the roll inboard in the downstream wake are
integrat ili pat fi around lie rip vortex. The sraller value clearly evident from this photograph. Also. shown in this
inclu de- the on cx lice, t in thlie wakui ani t ierefire corre- are vorti( itv contours drawn in tile Y-Z planes through the ,

spoends to the larger palti oft ile itegral Inisalls ext ending tip vortex at several X-locations behind the wing. As ob-

to the s% Mittelr. plane in the Y-direction and limit- of Z in served before, the vorticity levels of the contours decrease
the Z-direction. This imnplies that tle tit ortex strength is in the downstream coarse-grid region of Block I. and theeulto) 0.1s5 (nortnaliz.-d by the" free-st reatni ielhuii. and
e-qual (oshapes of these contours get stretched in the pattern of tie
the root chord of the wing). grid geonietry.

ONERA %% iig in Transoni i-lo% The lift, drag, and the pitching-nionent coefficients for

this sing art, CI. 0.26. ('1 0.061. and Cm 0.002.

This wing has an aspect-ratio of 3 and represents a typ- Note thar the pitching-miotnient is positive (destabilizing)
ical helicopter rotor blade. The tip of tie wing is more for this sing. lased on the definition of lift-equivalent vor-
exotic than are the tips of the two pre ious witigs. The tex strengtii. the nondinuensional tip vortex strength is 0.13.

wing is itadie up of I hree special airfoil sect iors ranging in Also. tit, %alue of I't. determined from the line-integral of
thickrie-- fron 12 to f; ( li t, thicker section heing at the the velocit) vector around a closed path surrounding the.
root arid th', thuirlie-t ine at the tip. 'le %%irug hi a (On- vortex anrd at ,everal X-locations in the uake lies in the

slant c'hord I, io ahtiluu 70', of the -panmic -talion arid range betlween 0.12 - (I.1.I depending on the path of the
theti dei rei-- ii lh ratio of the tlit(kes

, 
rat io. ( 'onsid- integral. The larger %alue corresponds i lile the suualler

uring that %%, lan haxei oni 23 points on fie wing in tile integral path surrounding the tip vortex. h'Iec smaller vaI,

'panrli i-'. diri n ioit Il Il tl Im I rienory of he (RAY- inuldes the i-flct of %ake vortex shelti. Front this caIcu-

XMPi' il lie, fri' iller aid thli. vi,( tis grid-, the same lation it all lie Coon hled that thet, tilp \ortix sPrength is
rnuuriier of 1 iotrint a- %\v' hlad for Ihe I ( C, lIhe span\ise 0i. II

i ".°.1~
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Effect of Tip Planform pressures, except in the immediate vicinity of the tip, and
for the tip vortex strength, where available. The disagree-

To study the influence of the tip geometry on the tip- ment of surface pressure distributions in the tip region is
vortex formation, the ONERA wing of Fig. 2c was modified attributed to inadequate capability of predicting the shock-
to reshape the planform in the tip region, keeping the rest of induced boundary-layer separation in the transonic cases.
the geometry the same. The planform and the surface grid The subsonic calculations reproduce the qualitative behav-
for this modified s ing is shown in Fig. 2d. This modified ior of the experimental tip vortex formation, including the
wing geometry has an unswept leading edge and looks more changes in the tip separation and in the vortex lift off that

d like a rectangular wing except the tip region retains the have been observed experimentally and which have been
original taper. The flow conditions are kept identical to caused by rounded tip-caps. However, the square-tip simu-
the case of ONERA wing of section (c) above. Steady-state lations fail to produce the correct suction peaks under the
solution was generated as before using the TNS code for this vortex. This may be due to an unrealistic sharp corner
wing section. From this, the lift, drag, and the pitching- that was created at the tip leading edge by the H-H grid
moment coefficients for this wing are CL -- 0.332, CD topology. Nevertheless. it has been demonstrated that it is
0.0796, and (-'.l - -0.018. The obvious gross changes in possible to calculate the initial development of the tip vor-
flow features are the increase in the lift and drag values, and tex. The limited study presented here on the tip-cap effect
the pitching moment is negative (stabilizing) in constrast on the flow field near the tip region suggests that the lip
to the positive value for the ONERA wing. shape is an important ingredient of the problem.

The Mach number contour plot of Fig. 20 shows a shock As expected, the formation of the tip vortex involves
pattern on the surface for this wing, which is swept forward braiding of the particle paths in the tip region from both
near the tip. and this shock wave is stronger than that ob- the upper and lower surfaces of the wing. For a lifting
served for the ONERA wing. Following the strong shockservd fr te OERAwin. Folowng he trog sock wing the particles from underneath the wing (high-pressure
wave. there is a massive separation of the flow and this flow w
reattaches only at about the trailing edge of the wing. Also. side) cross over the tip region on to the upper surface (low-

pressure side) and modify the flow field in the tip region
the shock wave extends to the root of the wing as before. by the three-dimensional tip-relief action. The tip vortex
The shock gets weaker towards the tip region and the flow first lifts off from the surface and then rolls-up and moves
stays attached in this region. Figure 21 shows the surface inboard of the tip, staying distinctly above tile wake vor-
oil flow pattern for this wing. The lines of separation, reat- tex sheet. Both tip-cap modification and the tip-planform
tachment and other important flow features are delineated

tip change had similar influences in increasing the gross lift of
in this figure. Figure 22 shows the far-field view of thet the wing and hence of the tip vortex strength. In addition,vortex for this wing. Also shown in this are the vorticity the modification to the ONERA planform delayed the lift

contours in the Y-Z plane at several X-locations of the tip off of the tip vortex from the surface.

vortex behind the wing. In contrast to the swept-tip ON-

ERA wing. the tip vortex for this straight- and tapered-tip The results demonstrate that although there is still room
wing does not lift off the surface of the wing until after it for improvement. realistic three-dimensional calculations of
passes the trailing edge of the wing tip. viscous flows over wings and their associated tip vortex for-

mation are now feasible. This computational fluid dynam-
ics capability provides a new tool for analyzing and im-

integrating the velocity vector around a closed path sur- proving the aerodynamic characteristics of wings and other
rounding the vortex , ields a value of 0.17 when the path of lifting surfaces.

integral includes the vortex sheet of the wake and a value of
0.21 for the path excluding most of the wake vortex sheet. Acknowledgements
This suggests a tip vortex strength of about 0.21.
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Fig. 1. Pictorial view of a typical zonal grid topology for
the Wing C. Blocks I and 2 are inviscid zones and blocks
3t and 4 are viscous zones.
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Fig. 3. Surface pressure distributions for several span-
wise stations and comparison with experimental data (Refs.
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and Re =2 million.
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(a) SURFACE OIL FLOWS

7- M 
EM

(b) LIFT-OFF OF TIP VORTEX

Fig. 5. Close-up view of the surface oil flow Tpatterfl and the
lift off of the tip vort-ex for the modified NACA 0015 wing
with an ellipsiodal tip-cap. Al, 0.16, n 11 degrees,
and] Re 2 million.



v-. Sw 'SW '2.'SW C. tW CW M

4'

L

-p

U'.

S..

U-

b

4-

Fig. 6. Surface oil flow pattern for the rectangular NACA
* 0015 wing. M~ 0.16, n 11 degrees, and Re 2 million.

I.

.4

a.

'U

lii
'U

44~4*4 ~ .. 44. **'.



4 .J.
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Fig. 7. Close-.up view of the surface oil pattern in the tip
region and the lift off of the tip vortex for the NACA 0015

- wing.

Fig. S. Farfield view of the tip vortex for the NACA 0015
wing. The vorticity contours show thle mnagnit tides anid the
shapes of the tip vorlex a! ievcral X-stat iotis.
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Fig. 11. Surfac oi p attern showing separation and reat-
tachment lines for the Winog C.
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Fig. 12. Veoct vector plot for the tipper surface of W~ing
C drawn at the first gridl point above the surface.

%2



BLOCCK

AI% 'SR12--

Fig. 13. Close-up view of the tip vortex for Wing C.
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Fig. 14. Fairfield view of the tip) vortex for Wing C. The
* ~vort frity cotintours show the miagnituides and the shapes of

the tip vortex at several X-stat ions.
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Fig. 16. Planform view of the upper surface Mach number Fig. 17. Surface oil flow pattern for ONERA wing showing
contours for the ONERA wing. separation and reattachment lines.
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Fig. I S. Close-up views of the lift off and roll-up of the tip
f~te or the ONElRA wing.
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Fig 19. Jalefld view of Ific tip) vortex for the ON EllA
w.'.Ing The v'ort icit con.ou;rs show Ithe magmiu(1es and the

d ~I1hapt's ~ ni !hc )pv at mc'vcrat V tIou11.
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Fig. 20. Planform view of the upper surface Mach number Fig. 21. Surface oil flow pattern for the modified ONERA
contours for the modified ONERA wing. M,,. 0.85, a = wing showing the separation and reattachment lines.
5 degrees, and Re 8.5 million.
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F'ig. 22. Farfield view of the tip vortex for the mnodified
xing. The vorticity contours show the magnitudes and the
Thapes of the tip vortex at several X-stations.
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